ABSTRACT With increasing power electronics integrated into the power grids, the new types of oscillation issues have posed a critical threat to the secure operation of power grids. Apart from the conventional eigenvalue-based analysis, the impedance-based analysis becomes more attractive for the assessment of the oscillatory stability. This paper presents a systematic survey on the technical matters of the emerging impedance-based oscillatory stability analysis of power systems with high power electronics penetration. Firstly, the detailed derivation of impedance models of the power electronic converter-connected equipment are discussed. Then, common coordinate systems for the derivation of impedance models, as well as the characteristics of the impedance model in different coordinate systems are surveyed. On this basis, the aggregation of the individual impedance models is introduced to derive the lumped impedance model. Additionally, two typical impedance-based oscillatory stability criteria are demonstrated and discussed in details. Finally, the advantages as well as the limitations of the impedance-based oscillatory stability analysis, and the contributions as well as the challenges of the existing studies are summarized. A list of relevant literature is accommodated in the end.
I. INTRODUCTION A. BACKGROUND
Energy depletion and environmental problems boost the development of renewable energy generations [1] , among which wind and photovoltaic (PV) power generations are the most representative. Unlike conventional generation units, the power electronic converters are indispensable for the integration of renewable energy generations to the power grid [2] , [3] . In addition, the development of new transmission technologies, such as flexible AC transmission systems (FACTS) and high-voltage DC (HVDC) systems, also lead
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to the consequence that the conventional power equipment (e.g., transmission lines, transformers, series compensation equipment) has to coexist with the large number of power electronic converters [4] , [5] . The current status of the power grid with multiple emerging technologies can be illustrated by Figure 1 . In some optimization-related studies of the local distribution network, the external power grid is usually seen as an ''ideal infinite power source'' (e.g., the research in [6] and [7] ). However, big amount of power electronics has brought complex non-linearity and dynamics to the power grid [8] , [9] ; the external power grid can no longer be regarded as the ''ideal infinite power source'', but the ''weak grid'' [10] . As an important aspect of power system dynamics, the oscillation issue has been significantly impacted [11] . The aforementioned multiple emerging technologies inevitably bring potential risks to the overall stability of power systems, as well as the secure operation of local power grids [12] , [13] .
B. OSCILLATION ISSUES AND ANALYSIS METHODS
Since each power electronic device brings complex dynamics in some frequency ranges, they have a great potential to generate various types of interactions with each other, which brings the emerging forms of the oscillation [14] . On the other hand, with the number of power electronic converters becomes huge, it is more difficult to identify which power electronics in the system is the main source of the oscillation, which further complicates the oscillation assessment. In the existing literature related to oscillation issues, the sub-synchronous oscillation/resonance (SSO/SSR) and the low-frequency oscillation (LFO) have attracted the major attention of researchers.
An SSO/SSR incident caused by the interactions between the type-3 wind turbines and the series compensation equipment happened in Texas in 2009, which has led to the damage to system devices and motivated the research on the SSO/SSR issues caused by the power electronics [15] , [16] . Shortly after this accident, the authors in [17] put forward the dynamic model of the type-3 wind turbines for the SSO/SSR analysis. In recent few years, more SSO/SSR phenomena have been observed in the power systems with growing number of power electronics, such as the SSO/SSR occurring in Guyuan, Hebei Province, China in 2011 [18] , and the SSO/SSR among power electronic converter-interfaced wind generators in Hami, Xinjiang, China in 2015 [19] , [20] . These incidents have revealed a pressing need to investigate the emerging SSO/SSR phenomena. At present, there are some task forces in IEEE which focus on the SSO/SSR phenomena, such as the ''IEEE wind SSO Task Force'' established in 2017 [21] and the ''IEEE PES Task Force on Oscillation Source Location'' [22] . Some academic activities on SSO/SSR issues have also been organized recently, such as the Wind SSO Task Force Committee Meeting at 2018 IEEE PES General Meeting [23] . According to the IEEE report, SSR refers to the oscillation resulting from the interactions of the turbine-generator with series compensation equipment, while SSO refers to the oscillation resulting from the interactions of the turbine-generator with quick acting control devices [24] . However, with the appearance of many new types of SSO/SSR, the conventional classification may be no longer applicable. The authors in [25] make the attempts to refine the classification of SSO/SSR based on the oscillation modes. Specifically, the SSO/SSR is divided into three types according to [25] : (i) SSO/SSR caused by the torsional vibration of rotating machines; (ii) SSO/SSR caused by the electric resonance between the capacitance and the inductance in the power grid, especially the reactive power compensation and filtering devices; (iii) SSO/SSR caused by the interactions of the various converters with the AC grid or other converters. Reference [26] reveals some characteristics of the SSO/SSR caused by the type-3 and type-4 wind farms through analyzing the real-life measurement data.
As another form of the oscillation, LFO is an inherent phenomenon in power systems, which initially originates from the small-signal stability issues of synchronous generators in power grids. Over the past years, more LFO events have occurred in power grids all over the world: for example, the LFO phenomena have been observed at different frequencies in Texas [27] ; [28] reports that one LFO incident happened in the south power grid of China in 2005; [29] presents the LFO observation at 0.38 Hz in 2013 summer in the US. These incidents have also aroused the interest of some researchers; in recent years, there have been some studies on LFO, such as the LFO energy flow analyzed in [30] and [31] , and the analysis of the damping contribution in [32] . Typically, the LFO can be classified into two types: the local-mode LFO and the inter-area LFO [33] , and the latter is of more general concerns. LFO can be suppressed by using power system stabilizers (PSSs) [34] , which sets a high requirement for the accuracy of the identification of LFO characteristics. However, with the increasing number of power electronics being connected to the power grid, the LFO modes show more complexities, such as the LFO caused by the integration of renewable energy generations in [35] , and the LFO existing in the train-traction network in [36] and [37] . Similar to the SSO/SSR, these emerging LFO phenomena can be seen as the interactions of the power electronics with AC power grids or even other power electronics. Generally, the LFO and the SSO/SSR have different frequency ranges of interests. The LFO can occur at the very low frequency, even as low as 0.1 Hz [38] , while the frequency range of the SSO/SSR is normally higher than the LFO.
In the existing literature, the stability problem caused by the oscillation in power systems is usually known as ''oscillatory stability'' [39] - [43] . In this paper, the academic terminology ''oscillatory stability'' is adopted. The eigenvalue-based analysis is a fundamental and conventional method for the power system stability analysis, which is available for both model-based and measurement-based assessment of the oscillatory stability in the power grid [44] , [45] . The damping essentially characterizes the decaying rate of the oscillation, which is related to the real part of the eigenvalue [46] . The state-space modeling is widely adopted in the eigenvalue-based analysis, and the advantage is that it can handle the nonlinear system modeling for the stability analysis. References [47] - [51] adopt the state-space modeling approach to built the state-space matrix and use the eigenvalues of the state-space matrix to assess the oscillatory stability in power systems with wind power integration, PV power integration and new transmission technologies. However, the eigenvalue-based oscillatory stability analysis has some limitations: (i) in order to calculate the eigenvalues of the state-space matrix, the space-state model of the system needs to be derived firstly. The large number of power electronics and the complexity of the network topology lead to the consequence that the dimension of the statespace matrix becomes very high [45] , which has significantly raised the modeling difficulty as well as the computational burden of computers and affected the efficiency of stability studies [52] , [53] ; (ii) in addition, the eigenvalue-based analysis cannot effectively reveal the physical mechanism of the emerging oscillation phenomena in a wide frequency range of interests [14] .
Apart from the eigenvalue-based analysis method, the impedance-based analysis is also an important approach to assess the stability of the emerging oscillations caused by power electronics integration into power systems [54] . Compared with the eigenvalue-based analysis, the impedance models of each power device are derived individually in the impedance-based analysis, which can effectively reduce the dimension of the formulated models. The impedance model is essentially the transfer function of the power device, where the current variation and voltage variation are considered as the input variable and output variable respectively. The impedance-based analysis can characterize and reveal the mechanism of the oscillatory stability based on the circuit theory.
C. STRUCTURE OF THIS PAPER
In the following sections, a comprehensive review on the impedance-based oscillatory stability analysis is conducted based on its methodology framework as illustrated in Figure 2 . The rest of the paper is organized as follows. In Section II, the derivation of impedance models of the power electronic converter-connected equipment is surveyed. Section III presents the characteristics of impedance models in the common coordinate systems. In Section IV and Section V, the lumped impedance model of the whole system/subsystem and the impedance-based oscillatory stability criterion are introduced, respectively. Conclusions are drawn finally in Section VI.
II. DERIVATION OF IMPEDANCE MODELS OF POWER ELECTRONIC CONVERTER-CONNECTED EQUIPMENT
Power systems usually consist of different types of electrical equipment, and some of them are connected with the power electronic converters [55] . Generally, the impedance models of each device (i.e., conventional and power electronic converter-connected equipment) are derived separately, and then the individual impedance models are aggregated into a lumped impedance model of the whole system/subsystem. 
A. APRINCIPLE OF IMPEDANCE MODELING OF POWER ELECTRONIC CONVERTERS
The impedance-based oscillatory stability analysis focuses on the external characteristic of the power electronic converter in frequency domain, which is shown in Figure 3 . When modeling the power electronic converters (e.g., AC-DC, DC-AC, DC-DC), the following two parts are considered: (i) the circuit dynamics; (ii) the controller dynamics. In other words, both the circuit and the controller have the impact on the specific equation of the impedance model. In Figure 3 , F(s) represents the transfer function; I (s) represents the current variation in frequency domain; U (s) represents the voltage variation in frequency domain; Z (s) represents the external characteristic of the power electronic converter, i.e., the impedance model. F(s) usually has the form of the polynomial fraction shown by (1) . It should be noted that if U (s) is considered as the input and I (s) as the output,
Both models are feasible, but when aggregating the individual impedance/admittance models into a lumped model in the network topology, all individual models should have the same unit, i.e., the unit of models should be unified as '' '' or ''S''.
where a i and b j denote the polynomial coefficients; m and n denote the highest power of the polynomial; and s denotes the Laplace operator.
I (s) and U (s) in Figure 3 are ''virtual settings'' in the derivation, and the purpose is to make the transfer function present the characteristics of impedance. What we should do is to derive the relationship between the virtual input/output ( I (s) and U (s)) and the actual variables of the control algorithm, which is shown as the schematic diagram in Figure 4 . In fact, the above mentioned ''virtual settings'' can be changed according to the purpose of the research work; for instance, if both virtual input and output are seen as current deviations, the transfer function presents the characteristics of the dimensionless physical parameter. In the current published research, the impedance models of power electronic converters can be established through the measurement-based method or the derivation-based method. Specifically, the impedance modeling can be classified into the following three conditions according to the availability of the internal structures and control parameters of power electronic converters: Condition 1 (black-box modeling): for the power electronic converters of which internal structures and control parameters are not available due to the confidential factors, the ''black-box'' modeling can be employed. The voltage and current variations are measured at the terminals of the power electronic converters in a wide frequency range after imposing the perturbation (i.e., the sweep frequency test), and then the resistance-frequency curve and reactancefrequency curve can be plotted using the measured data. Finally, the impedance model can be determined by the curvefitting techniques. Reference [56] gives the technical details of the sweep frequency test techniques.
Condition 2 (grey-box modeling): for the power devices of which the limited information about the internal structures and control algorithm is available, the ''grey-box'' modeling can be employed. In this condition, the ''blackbox'' modeling can also be a choice actually, but it cannot properly identify the control parameters of power electronic devices. Reference [57] estimates the controller parameters of the inverter based on the limited information on the control algorithm as well as the measured data using the system identification techniques, and then derives the equation of the impedance model based on the control parameters. Reference [58] demonstrates the phasor measurement unit (PMU)-based method to identify the parameters of the proposed '' equivalent circuit'' for the voltage source converter (VSC)-HVDC link, which can be regarded as an application of the ''grey-box'' modeling.
Condition 3 (white-box modeling): for the power devices of which complete internal structures and control parameters can be obtained, the ''white-box'' modeling can be employed. The impedance model of power electronic converters needs to be built according to specific circuit structures and corresponding control algorithms. Numerous research reveals that the equation of the impedance model would become more complicated if more complex control loops are involved in the controller (e.g., the research in [59] and [60] ). Reference [61] provides an iterative approach to determine the impedance model at given frequency points, which can eliminate some complicated derivations, but it increases the computational burden.
A very effective method from the existing literature to implement the ''white-box'' modeling for power electronic converters is reviewed in the Subsection II.B.
B. AN EFFECTIVE DERIVATION METHOD
The state-space modeling approach is widely adopted in the stability analysis of power systems. As reported in [62] - [66] , the state-space modeling is an effective way to characterize the relationship between the terminal current variation and terminal voltage variation, i.e., the impedance model. The small-signal state-space representation of the power electronic converter is shown in (2) .
where x, y and u denote the variations of the state variables, the output variables and the input variables, respectively; A, B, C and D denote the coefficient matrices with corresponding dimensions. Typically, the terminal current variation in dq frame ( i dq ) is set as u and the terminal voltage variation in dq frame ( u dq ) is set as y, and then (2) can be replaced by (3) .
By using the Laplace transformation and eliminating the x, the relations in (4) can be derived. The impedance model can be described by (5) .
where Z(s) denotes the impedance model; I denotes the identity matrix; and s denotes the Laplace operator. It can be revealed that the state-space modeling is a very straight-forward technique to derive the impedance model. The steps can be summarized as follows: (i) transferring (3) from time domain to frequency domain using Laplace transformation; (ii) deriving A(s), B(s), C(s) and D(s)by establishing the frequency-domain model of the individual power electronic converter and considering the voltage variation and current variation as the output variable and input variable respectively; (iii) applying (5) to determine the impedance model.
C. EXAMPLES OF MODELING SOME TYPICAL POWER ELECTRONIC CONVERTER-CONNECTED EQUIPMENT
In this subsection, the impedance models of some typical power electronic converter-connected equipment are reviewed, including the type-3 wind farm equipment, the type-4 wind farm equipment and the HVDC transmission equipment.
1) TYPE-3 WIND FARM EQUIPMENT
The type-3 wind farm is a favorable and mature technique in the wind power industry [67] . The type-3 wind turbine generator is commonly known as the doubly-fed induction generator (DFIG) [26] , which is essentially an asynchronous machine. The rotor and stator winding of DFIG are excited by AC sources at different frequencies [68] . The main elements of the type-3 wind farm equipment include the DFIG, the rotor-side converter (RSC) and the grid-side converter (GSC). The structure diagram of the type-3 wind farm is shown in Figure 5 .
As the DFIG is coupled into the AC network, the DFIG, RSC and GSC should be considered for the impedance model of type-3 wind farm equipment [69] . The equivalent circuit of DFIG is displayed in Figure 6 [69] , where x m is the mutual reactance of DFIG; r r is the rotor resistance; x r is the rotor reactance; r s is the stator resistance; x s is the stator reactance; v rsc is the RSC-side equivalent voltage; and S is the slip ratio. The slip ratio should be transferred to the frequency domain for the stability analysis. References [70] and [71] propose the equivalent circuit model of the whole type-3 wind farm equipment considering RSC and GSC as shown in Figure 7 . In this figure, Z rsc is the impedance model of RSC; Z gsc is the impedance model of GSC; x f is the filter; and Z DFIG is the impedance model of the whole type-3 wind farm equipment. Z rsc and Z gsc can be derived using the method introduced in Subsection II.B. The impedance model of the whole type-3 wind farm equipment can be obtained based on the seriesparallel connection in Figure 7 . 
2) TYPE-4 WIND FARM EQUIPMENT
The type-4 wind turbine generator is commonly known as the permanent magnet synchronous generator (PMSG) [26] , which is an emerging and promising technique in the wind power industry. The structure diagram of the type-4 wind farm is given by Figure 8 ; the main elements of the type-4 wind farm equipment include the PMSG, the machineside converter (MSC) and the grid-side converter (GSC). However, unlike the type-3 wind farm equipment, the PMSG is decoupled from the AC network by the DC capacitor [72] . That is to say, the PMSG and MSG have no direct interaction with the AC grid as the interaction is blocked by the DC capacitor [73] . Therefore, the main potential oscillation source of the type-4 wind farm is the GSC, and thus the impedance model of GCS is used to represent the impedance model of the whole type-4 wind farm equipment [64] . The impedance model of GSC can be derived by using the method in Subsection II.B.
There are some similarities in oscillation characteristics between the large-scale PV plant and the PMSG-based wind farm, since the similar converter structure and control algorithm are adopted in both large-scale PV plant and PMSG-based wind farm [42] . Therefore, they inevitably have similar impedance model representations, and the modeling of the former would not be repeated here as a result. 
3) HVDC TRANSMISSION EQUIPMENT
VSC-HVDC transmission has become a more attractive technology to integrate the large amount of renewable energy generations to the utility grid [74] . Figure 9 presents a structure diagram of the VSC-HVDC transmission equipment [75] , where VSC-A is usually known as the ''rectifier station'' and VSC-B as the ''inverter station''; and PCC denotes the point of common coupling. Reference [76] verifies that the DC-link capacitor has a significant impact on the oscillatory stability. The oscillations caused by the VSC-HVDC transmission technically contains several scenarios: the interaction of rectifier with the external grid that is connected to the rectifierside PCC; the interaction of inverter with the utility grid that is connected to the inverter-side PCC; the interaction between the two VSCs. The specific case studies are comprehensively provided in [77] - [79] . Therefore, the impedance modeling of the VSC-HVDC transmission equipment depends on the specific oscillation problem under investigation.
D. SOME DISCUSSIONS ON MODULAR POWER ELECTRONIC DEVICES
The modular multi-level converter (MMC) is an emerging technology, which is preferred for the high-voltage, high-power and long-distance transmission in power grids. As reported in [80] and [81] , the MMC contains many sub-modules (SMs) with complex internal dynamics and thus the direct derivation of the impedance model could be quite perplexed and ineffective. On this basis, the simplified equivalent circuit model becomes an alternative solution. References [80] - [82] propose the simplified equivalent circuit model of the MMC. Reference [83] analyzes the operation processes of the normal condition and DC fault blocking condition with more details. Reference [84] reveals that the time delay is relatively long in the MMC compared with small-scale power electronics.
The derivation of the impedance model for modular power electronic converters might be quite cumbersome if the ''white-box'' modeling is used and need rely on some equivalence and simplification of its original topology structure to a large extent owing to the large number of SMs, which may however lead to the reduction of the accuracy unavoidably. 
III. IMPEDANCE MODEL DERIVATION IN DIFFERENT COORDINATE SYSTEMS
The impedance model can be derived in different coordinate systems. The common coordinate systems for the impedance model derivation of three-phase power electronic converter-connected equipment include the dq coordinate system, the sequence coordinate system, and the polar coordinate system (e.g., the research in [85] - [89] ). As illustrated in Figure 10 , the common aim of the impedance model derivation in the three coordinate systems is to characterize the relationship between the terminal current variation and terminal voltage variation but the specific equations of voltage vectors and current vectors are totally different and thus the derivation results of the impedance model are inevitably different in different coordinate systems. In Figure 10 , I d , I q , V d and V q denote the terminal current variation and terminal voltage variation in d axis and q axis, respectively; I p , I n , V p and V n denote the terminal current variation and terminal voltage variation in positive sequence and negative sequence, respectively; I m , I θ , V m and V θ denote the terminal current variation and terminal voltage variation in terms of magnitudes and angles, respectively; ω 1 denotes the fundamental angular frequency; Z dq (s) denotes the impedance model in dq coordinate system; Z pn (s) denotes the impedance model in sequence coordinate system; and Z mθ (s) denotes the impedance model in polar coordinate system. The current variation and voltage variation are always two-dimensional vectors and hence in any of the aforementioned coordinate systems, the impedance models are two-dimensional matrices to describe the external characteristic of three-phase power electronic converters [90] , [91] . It is important to have an intuitive understanding for the impedance models in different coordinate systems. In [88] and [91] , the characteristics of impedance models of the VSC and R-L transmission line in dq coordinate system, sequence coordinate system and polar coordinate system are analyzed, which is summarized in Table 1 . The following findings can be summarized: (i) the impedance models of VSC and R-L transmission line in dq coordinate system are both two-dimensional and non-diagonal matrices; (ii) the impedance model of VSC in sequence coordinate system is a two-dimensional and non-diagonal matrix, but the impedance model of R-L transmission line in the sequence coordinate system is a two-dimensional and diagonal matrix; (iii) the impedance model of VSC in polar coordinate system is a twodimensional and diagonal matrix under the assumption that the power factor of the VSC is 1, but the impedance model of R-L transmission line in the polar coordinate system is a two-dimensional and non-diagonal matrix.
Taking the three-phase R-L transmission line as an example, its impedance models in different coordinate systems are shown as follows.
(i) In dq coordinate system:
(ii) In sequence coordinate system:
(iii) In polar coordinate system (8) , as shown at the bottom of this page, where Z (1) line , Z (2) line and Z (3) line are the impedance models of the three-phase R-L transmission line in dq coordinate system, sequence coordinate system and polar coordinate system, respectively; V denotes the terminal voltage of the R-L transmission line; and I denotes the current of the R-L transmission line.
In fact, the equations of the impedance model in dq coordinate system and sequence coordinate system are interchangeable. In [87] and [88] , the mutual transformation of the impedance model between dq coordinate system and sequence coordinate system is revealed, which can be shown by (9)-(12).
(10)
where Z dq denotes the impedance model in dq coordinate system; Z pn denotes the impedance model in sequence coordinate system; and T denotes the transformation matrix. Since each power electronic converter is controlled in its individual dq frame determined by the phase locked loop, with the co-existence of multiple grid-connected power electronic converters, the unified/global dq frame for the whole power system analysis is required and proposed in [63] and [92] so that each impedance model is adjusted from its individual dq frame to the unified/global dq frame.
IV. LUMPED IMPEDANCE MODEL OF WHOLE SYSTEM/SUBSYSTEM
The impedance model of each electrical element is the separate matrix, which needs to be aggregated into a lumped impedance model for the oscillatory stability assessment of the whole system/subsystem using the stability criterion introduced in Section V.
Regarding the treatment of the impedance network, a typical procedure is described as follows: firstly, the isolated impedance models of corresponding electrical elements are connected together to form the impedance network of the actual topology as shown in Figure 11 (b), which should be consistent with the actual location of electrical elements in the grid network (Figure 11(a) ). Then, the impedance network is simplified according to the series-parallel connection relation of each electrical element to derive the lumped impedance model of the whole system/subsystem in Figure 11 (c). The lumped impedance model is expressed by (13) , which is a two-dimensional matrix.
where Z (s) denotes the lumped impedance model in frequency domain; Z −11 (s), Z −12 (s), Z −21 (s) and Z −22 (s) denote the four elements of the lumped impedance model matrix. Please note that the concept of the subsystem mainly appears in Nyquist criterion. Nyquist criterion focuses more on the oscillation of the local area and splits the local area into source subsystem and non-source subsystem. Taking an example, the wind farm, transformer and rectifier-side HVDC equipment in Figure 11 (a) can be regarded as a local area with the wind farm as the source subsystem and transformer & HVDC as the non-source subsystem. The scale of subsystems is usually small and the subsystems are generally assumed to be stable themselves. R-X criterion focuses more on the oscillation of the global area, and there may be multiple oscillation modes in a comparatively larger area. R-X criterion can operate in the quantitative manner. Details of Nyquist criterion and R-X criterion will be discussed in Section V. The authors in [93] provides another way to deal with the impedance network, and the key step is to formulate the lumped state-space model. Specifically, in [93] , the state-space models of each power device are derived separately. Then, an algebra interconnection method is proposed to combine different power devices, where only inputoutput relationship is concerned and the lumped state-space model of the whole system/subsystem is reformulated in a computationally-efficient way. Finally, the impedance model of the whole system/subsystem can be obtained from the matrices of the lumped state-space model.
V. IMPEDANCE-BASED OSCILLATORY STABILITY CRITERIA
There are two commonly-used impedance-based oscillatory stability criteria: (i) Nyquist criterion; (ii) R-X criterion. The technical details of these two criteria are summarized as follows.
A. NYQUIST-CRITERION-BASED OSCILLATORY STABILITY ASSESSMENT
As discussed in Section IV, for the Nyquist-criterion-based oscillatory stability assessment, the local system should be split into two subsystems firstly: the source subsystem and the non-source subsystem [94] , which are displayed in Figure 12 . When the two subsystems oscillate with each other with negative damping, the oscillation in the interconnected subsystems will be diverged, i.e., the unstable oscillation happens. As reported in [95] and [96] , assuming that the power devices themselves are stable, the system stability depends on the positions of the set of λ(s) (see (14) ) on the complex plane. The impedance ratio matrix is defined by (15) . Due to the fact that Z s (s) and Z l (s) are the 2 × 2 matrices, the form of R(s) is also the 2 × 2 matrix. Fig.13(a) ) Z s (s)Y l (s) (Case in Fig.13(b) ) (15) where R(s) denotes the impedance ratio matrix; Z l (s) (or Y l (s)) denotes the non-source-side impedance model (or admittance model); Z s (s) (or Y s (s)) denotes the sourceside impedance model (or admittance model); I denotes the identity matrix; λ(s) denotes the set of eigenvalues in a wide frequency range. It is noted that Y(s) = Z(s) −1 .
FIGURE 13.
Two types of small-signal representation for Nyquist-criterion-based oscillatory stability assessment [97] .
The mechanism of the Nyquist criterion is to identify the location of eigenvalues, which is widely adopted to assess the oscillatory stability issues in the power system. It is assumed that the current/voltage source in Figure 13 is stable when unloaded, and the Z l (or Y l ) in Figure 13 is stable when supplied by an ideal voltage/current source. If the Nyquist curve of the impedance ratio satisfies the Nyquist criterion (i.e., the Nyquist curves do not clockwise surround the point (−1, 0)), the system is stable. The impedance ratio can be Z s /Z l or Z l /Z s , which depends on the feature of the sourceside subsystem.
As illustrated in [97] , the grid-connected inverter is usually controlled as the current source. Therefore, most literature considers the small-signal representation of the grid-connected inverter as an ideal current source with an internal parallel-connected admittance (or impedance), as shown in Figure 13(a) . If the source-side subsystem show the features of the voltage source, its small-signal representation can be regarded as an ideal voltage source with the series-connected impedance, which is shown in Figure 13 (b); [98] indicates that the converter under the virtual synchronous generator (VSG) mode usually behaves like a voltage source. As also indicated in [97] , the small-signal representation of a specific subsystem in Figure 13 (a) cannot be transferred to that in Figure 13 (b) and vice versa; the reasons are discussed in [97] .
As discussed in [99] , when the converter adopts the adaptive control with time-varying parameters, the ideal current source I s may become unstable, which breaks the assumption and may bring errors to the assessment result. Therefore, a reconstructed small-signal representation is proposed in [99] , which is shown in Figure 14 . The Nyquist curve of (Z 2 +Z l )/Z 1 should satisfy the Nyquist criterion to guarantee the system stability. I ref is the reference value for the current, and (16) should be satisfied to ensure the consistency with Figure 13 (a).
Nyquist criterion is effective for the oscillatory stability assessment of the local area. However, it is not easy to identify and determine the source subsystem and non-source subsystem for the large-scale multi-machine systems, and FIGURE 14. Reconstructed small-signal representation circuit [99] .
it should be guaranteed that there is no instability in the subsystems. Moreover, the Nyquist criterion cannot provide the deep explanation of the oscillation phenomena from the perspective of the oscillatory mechanism. Finally, the Nyquist criterion cannot effectively operate in the quantitative manner.
B. R-X-CRITERION-BASED OSCILLATORY STABILITY ASSESSMENT
The R-X criterion is an alternative method to assess the oscillatory stability, where R refers to the resistance part of the impedance model and X refers to the reactance part of the impedance model. The R-X criterion can quantificationally assess the oscillatory stability based on the circuit theory.
The real part of the impedance model (i.e., the R(s)) and the imaginary part of the impedance model (i.e., the X (s)) form the foundation of the R-X criterion. The R-X criterion is briefly derived and discussed in [63] , [65] , [100] . The oscillatory stability can be quantificationally evaluated by plotting and analyzing the reactance-frequency curve and resistance-frequency curve in a wide frequency range. Under the circumstance that X (s) has zero-crossing points within the positive frequency range, (i) if the frequency spectrum curve of X (s) crosses its zero point from negative to positive side (i.e., the slope of X (s) at its zero point is positive) and the value of R(s) at the zero point of X (s) is negative, the undamped oscillation will occur; (ii) if the frequency spectrum curve of X (s) crosses its zero point from positive to negative side (i.e., the slope of X (s) at its zero point is negative) and the value of R(s) at the zero point of X (s) is positive, the undamped oscillation will occur. Reference [56] also indicates that X (s) crosses its zero points from negative to positive side in the series resonance mode, while X (s) crosses its zero points from positive to negative side in the parallel resonance mode.
As discussed in the Section IV, the lumped impedance model is a two-dimensional matrix, which cannot be directly used to plot the resistance-frequency curve and reactancefrequency curve. Therefore, the dimension-reduction for the lumped impedance model matrix are discussed in the following.
The first technique of dimension-reduction is to employ the determinant of the lumped impedance model matrix to represent the one-dimensional impedance [63] , [64] , which is given in (17) .
where Z D (s) denotes the dimension-reduced lumped impedance model in frequency domain; the definitions of Z (s), Z −11 (s), Z −12 (s), Z −21 (s) and Z −22 (s) are provided in (13) . The second technique of dimension-reduction is to consider the average value of the d-axis impedance and q-axis impedance in dq frame as the dimension-reduced lumped impedance model [61] , [62] , [65] , and the specific equations are presented in (18)- (20) . However, this technique is lack of a deep theoretical support.
where i d and i q are the terminal current variations in d-axis and q-axis, respectively; and u d and u q are the terminal voltage variations in d-axis and q-axis, respectively. References [101] and [102] apply the circuit theory with consideration of the coupling to reduce the dimension of the impedance model matrix in the sequence coordinate system and derive the one-dimensional positive sequence impedance and negative sequence impedance respectively, which is the third dimension-reduction technique. It can be noted that the third dimension-reduction technique actually decouples one impedance model matrix to two one-dimensional impedance equations in positive and negative sequences.
The impedance model matrix usually has non-zero nondiagonal elements, and the formula of the dimension-reduced lumped impedance model may have high orders. The R(s) and X (s) are computed based on the dimension-reduced lumped impedance given by (21) and (22) . The equations of R(s) and X (s) can be obtained directly through analytical derivation, or the curves of R(s) and X (s) can be obtained by the enumeration for the large number of frequency points, and then the specific equations of R(s) and X (s) can be obtained by the fitting technique. The program can be preset into the computer, and the enumeration operation can be carried out by cyclic procedures.
FIGURE 15. Aggregate series RLC circuit for series resonance mode [62] .
In order to characterize the damping of the series resonance based on the second-order circuit theory, the aggregated series RLC circuit is derived in [62] and [103] , which is shown in Figure 15 . Then, the damping σ (s) and the oscillation frequency ω(s) are computed from (23)- (24) by employing the second-order circuit theory. However, this aggregated series RLC circuit cannot characterize and handle the case that the X (s) crosses its zero point from positive to negative side. As discussed, the positive resistance may be the cause of the undamped oscillation for this case, which is also a potential critical mode in power systems.
where L(s) and C(s) are the frequency spectrum functions of the equivalent inductance and equivalent capacitance in the wide frequency range, respectively. As illustrated in [104] - [106] , there are many uncertainties in power systems and the risk can be examined by analyzing the probabilistic stability of power systems with various uncertainties. The settling time of the oscillation can be calculated based on the damping value (see (25) ) [103] , which can lay a foundation to establish the risk matrix for the probabilistic analysis.
where T s (s) denotes the frequency spectrum function of the settling time in the wide frequency range.
VI. CONCLUSION
The evaluation of the oscillatory stability is of great importance to the secure operation of power systems, and the impedance-based analysis provides an effective solution. This paper carries out a systematic review on the published research of the impedance-based oscillatory stability analysis of power systems with high power electronics penetration. Firstly, some technical matters regarding the derivation of impedance models of the power electronic converterconnected equipment are summarized. Then, common coordinate systems for the derivation of the impedance model are introduced, and the characteristics as well as the mutual transformation of the impedance model in different coordinate systems are surveyed. After that, the aggregation of individual impedance models to form the lumped impedance model is presented. Finally, two typical impedance-based oscillatory stability criteria, i.e., Nyquist criterion and R-X criterion, are introduced in details. The following conclusions can be drawn from the systematic survey of the impedance-based oscillatory stability analysis: Compared with the conventional eigenvalue-based analysis, the impedance-based analysis has some unique advantages: (i) the impedance-based analysis can quantificationally characterize the oscillation phenomena based on the circuit theory in the wide frequency range; (ii) the impedance models of each electrical element are derived separately, which only have two dimensions for the three-phase power devices; that is to say, the low dimensionality can mitigate the modeling difficulty. However, the impedance-based analysis suffers from the similar deficiency as the eigenvalue-based analysis does: the impedance-based analysis is a kind of model-based method, which means that a validated and accurate model is required; for some power electronics with incomplete internal information or some modular power electronics, the accurate impedance model is usually not easy to be obtained.
On the whole, the impedance-based oscillatory stability analysis provides a prominent contribution to the theory of oscillatory stability assessment. It has a great potential and prospect to be generalized to tackle the oscillatory stability in power systems which possess a large population of power electronics. However, there are still some gaps/challenges for the existing studies: (i) more types of renewable power generations should be taken into account in the assessment; (ii) more efficient techniques are expected for the establishment of the impedance model of modular power electronic converters; (iii) the impedance model considering various uncertainty factors are awaited to be developed.
